ABSTRACT
INTRODUCTIONBACKGROUND 1

State of Practice Review on OD Estimation 2
Conventionally, OD matrices are derived by expanding sample OD matrices collected 3 from traditional household travel behavior surveys based on social-demographic and economic 4 data for a planning area. These survey methods include personal home interviews, telephone 5 interviews, mail survey, and/or internet survey. Personal home interviews are one of the most 6 complete data sources with the highest response rate, 60-70%, when compared to other 7 household survey methods (6) . Home interviews are the most expensive and time consuming 8 method, while telephone, mail, and internet based surveys have significantly less cost and time 9 involved in collection. This reduction in time and cost comes with a decrease in response rate 10 and introduces sampling biases. In recent years, Global positioning systems (GPS) assisted travel 11 surveys have become popular both in the US and internationally (11). However, significant 12 incentives as well as logistical issues, including battery outages leading to incomplete data and 13 loss of GPS units, were identified. Moreover, studies have shown that participants may be 14 burdened by the extended length of GPS surveys, equipment complications, and privacy 15 concerns (11), and samples are often biased (7). 16
Traffic-count data has been implemented as a data collection method for use in OD 17 matrices. Studies have shown that OD matrix creation is possible given traffic volumes for each 18 transportation link (1-5, 12). However, many different matrices can be reproduced from 19 observed traffic counts and deployment of a comprehensive detector infrastructure on all viable 20 routes would be required. Additionally, concerns about the accuracy of estimated traffic 21 conditions between fixed detectors has been discussed in recent research efforts (13). A 22 complementary survey method for the traffic count based method is the roadside intercept 23 survey, which provides additional information regarding the OD composition of traffic flow at a 24 road section. 25 In recent years, the emergence of secondary planning data sources, such as GPS, 26 cellphone, and Bluetooth, has caught researchers' attention. Different from the aforementioned 27 GPS based survey, recent research efforts have demonstrated the feasibility of replacing 28 traditional survey methods with OD data directly derived from GPS trajectories generated by 29 travelers' in-vehicle devices (6, 8 : the adjustment factor to zonal trip production from Foursquare check-in counts 7
: the adjustment factor to zonal trip attractions for Foursquare check-in counts 8 ∑ ( ) : the residual term for zone that ensures the total production equal to the total 9 attraction. 10 : the number of trips between origin zone i and destination zone j. 11 ( ): the friction function where is the travel cost between zone i and j. 12 13
To calibrate the model, the trip balancing process is applied to the following equations 14 iteratively. 15
METHODOLOGY
18
The proposed model attempts to address several limitations from the previous model. First the 19 zonal productions and attractions generated by the previous model usually results in symmetric 20 patterns due to the uniform distribution of the residual term among all zones (See Equation 2). 21
Second, the singly constraint model only tunes the zonal attractions. Third, the converging rate 22 of the singly-constrained gravity model is relatively slow, which causes the model calibration to 23 be slow and premature. To address those limitations, we propose a new model based on doubly-24 constrained gravity model and zone-specific residual assignment as follows.
where 29 : the power of location factor 30 : the balancing factor for the productions 31
: the balancing factor for the attractions 32 ∑ : redistribute the residual based on the zonal check-in counts for zone . 33 34
In this way, the residuals are assigned based on the check-in intensity rather than evenly 35 distribute among all zones. The initial values of and are calculated directly from the 36
Foursquare check-in counts based on equations 6 and 7. The is then calculated from and 37 based on equation 8. 38
The doubly-constrained model can be calibrated by iteratively updating and . In this 1 study, we set ( ) and ( ) . The values of and are updated using the following. 2
For consistence, the same friction function was engaged for the doubly-constrained model that 7 provided the best coincidence ratio (CR) in the single-constrained model. The CR measures the 8 percent of the area that "coincides" for the two curves/distributions that are being compared (32) . 9
The friction function combined the linear model for short trips and the negative exponential 10 model for long trips as shown in the following equation. 11
where , , , and are factors that were optimized through the genetic optimization algorithm 13 and the is the Manhattan distance between the centroids of origin zone i and destination zone 14 j in miles. The dual-regime formulation is used to capture CAMPO's special treatment on OD 15 pairs with short distance. 16
EXPERIMENTAL DESIGN 17
Study Area 18
The city of Austin, TX was selected as the study area for this paper. Austin is a diverse 19 city that encompasses an area of 272 mi 2 and has an estimated population of almost one million 20 people. The city of Austin (33, 34) was demographically compared to US Foursquare (35) users 21 as well as the general US (36), as shown in Figure 1 . It should be noted that the Foursquare 22 users have a higher proportion of individuals between the ages of 25 and 54, which constitutes 23 80% of the sites users. This age group also has a greater distribution than is seen in Austin, TX 24 and the US. Additionally, there are significantly more female users of Foursquare (65% women 25 compared to 35% men), which is also notably different than the distribution of gender within 26
Austin and the US. Examining the educational and income trends of the Foursquare user, it is 27 noted that within the income categories of $25,000 through $74,999 as well as within the "Some 28
College" category there is an over representation when compared to the Austin and US data. 29
Finally, it should be noted that Foursquare prohibits users under the age of 13, which is shown in 30 the percentages of 17 and under and "Less than High School" users. The above potential 31 sampling bias needs to be properly addressed when converting the number of Foursquare check-32 ins to trip counts. 33
The Capital Area Metropolitan Planning Organization (CAMPO) has identified 520 3
TAZs within the city of Austin's jurisdiction, which will serve as the study area for this paper. 4 CAMPO's 2005 Travel Demand Model (TDM) serves as the reference data used for the analysis. 5
It should be noted that CAMPO data is not considered the ground truth data due to the limitation 6 of current data collection methods. It serves as a reference data for identifying critical empirical 7 OD patterns. The trip purposes identified within the CAMPO study were combined into eight that their removal from the study would be without negatively impacting the analysis. 15
MODEL CALIBRATION 16
For the calibration of the proposed model, a genetic algorithm was implemented. This 17 algorithm within MATLAB optimizes through the mimicking of the principles of biological 18 evolution via the repeated modification of a population of individual points using rules modeled 19 on gene combinations in reproduction. This optimization strategy was selected for the improved 20 chances of finding a global solution due to the algorithm's random nature. Within the 21 algorithm's calculations, "individuals" are randomly selected from the current "population" and 22 used as "parents" of the "children" for the next generation. This process is repeated and the 23 population eventually "evolves" toward an optimal solution. 24
The genetic algorithm was used to obtain parameters for the friction function, and the 25 production and the attraction calculations that would in turn minimize the mean absolute error 26 (MAE) between the modeled OD matrix and the reference CAMPO OD matrix. To evaluate the 27 performance of these parameters, a coincidence ratio (CR) was used and calculated from the 28 following formula: 29 : the percentage of trips within the trip length interval w in the predicted trips from the check-2 in data, where the trip length interval is used to aggregate the trip counts with an aggregation 3 interval of one mile (1.609 km). 4
: the percentage of trips within the trip length interval w in the survey trips from CAMPO. 5 6
The value for the CR ranges from 0, when the distributions are completely different, to 1, when 7 the distributions are exactly the same. For this study, the higher the CR between the check-in 8 and the CAMPO results for each model, the better the model. Table 2 provides the results from 9 the genetic optimization. In general, the calibrated parameters are similar except for the 10 attraction scaling factor and the friction factor function parameters and . Significant 11 improvement can be observed for the CR and MAE values from the proposed model. 12 
EXPERIMENTAL EVALUATION
14
A comparison between the calibrated singly-constrained, doubly-constrained, and 15 CAMPO OD matrices was done by examining the trip length distributions, the zonal trip 16 production and attraction rates, and the zonal OD flow patterns. 17
Trip Length Distributions 18
Similar to the coincidence ratio, trip length distribution curves were examined to 19 illustrate how closely the model output data matches the reference data. Figure 3 shows the trip 20 length distributions (a) and the cumulative trip length distributions (b) for the singly-and doubly-21 constrained models compared with the reference CAMPO OD matrix. Examination of the Trip 22
Length Distribution portion of the figure shows the doubly-constrained model (Figure 3b ) is 23 relatively constant with respect to the general curvature. However, for the singly-constrained 24 model (Figure 3a) , under estimation occurs for short trips and slight over estimation occurs for 25 long trips. For the singly-constrained cumulative distribution figure, slight under estimation is 26 consistently shown for the curve. While the curves do follow generally the same paths, the 27 deviations indicated lend themselves to further fine tuning of this method. To determine the validity of the methods used to associate the check-ins to the various 7 venues throughout the study area, heat maps were created showing the productions and 8 attractions for each model. Figure 4a demonstrates where the methodology excels and where 9 there are limitations for the production calculations. Using the CAMPO production map as a 10 reference map, the singly-constrained model shows high production areas that are significantly 1 less in number. Additionally, the singly-constrained model shows mid-level production area 2 through the study region while the CAMPO map is more polarized. Conversely, the doubly-3 constrained map shows production rates that are similar in magnitude to the CAMPO map 4 through the study region where TAZs that include the central business district, airport, as well as 5 areas dense with living, entertainment, retail, and food venues are consistently depicted as large 6 production generators. 7 Figure 4b provides heat maps for the attractions for each of the models, highlighting 8 where the methodology excels and where there are limitations for the attraction calculations. 9
Once again using the CAMPO attraction map as the reference, the singly-constrained model 10 predicts attraction rates similar to the CAMPO model for many areas, but suffers from the 11 inability to associate high attraction rates to all of the TAZs identified within the CAMPO map. 12
The doubly-constrained map demonstrates the models ability to better identify areas with high 13 attraction rates. However, the map highlights areas where over estimation occurs, namely in the 14 northwestern portion of the map. It should be noted that although CAMPO data are used as a 15 reference, the data still has its limitations, for example the high variations in trip frequencies 16 among zones potentially caused by under-or over-sampling in certain zones. This paper investigates the feasibility of using the location-based social networking 2
(LBSN) data to analyze the urban travel demand pattern using a doubly-constrained gravity 3 model. Check-in data from Foursquare, a leading LBSN provider, was used to create production 4 and attraction rates for the singly-and doubly-constrained gravity models, which were used in 5 conjunction with the CAMPO OD matrix to examine the predictability of the proposed 6 methodology. 7
In comparison to the traditional methods used for OD estimation, this study shows that 8 LBSN data has potential. LBSN data is a low-cost option for updating OD matrix since the only 9 cost comes from the purchasing of historical data from Foursquare, Twitter, and/or other LBSN 10 data vendors. The OD matrix can be updated annually, monthly, or weekly depending on the 11 MPO's requirement. Compared with the prevailing secondary data methods based on GPS, 12
Bluetooth, and Cellphone, the LBSN data has user-confirmed trip purposes and destinations 13 eliminating the need for conducting reverse-geocoding and recurrent trip pattern recognition. 14 Furthermore, due to its intensive spatial and temporal coverage, LBSN data has the potential to 15 become a promising dynamic travel demand data source for Active Traffic and Demand 16 Management (ATDM) solutions (37).
17
LBSN data also has its bias for different venue types (e.g. residential areas, recreational 18 locations, and tourist attractions). In comparison to the existing singly-constrained gravity model 19 based method, the proposed doubly-constrained model based method demonstrates better 20 learning capabilities. There are some limitations with the proposed methodology that should be 21 examined in future research. The model results still indicate some geographical bias for tourist 22 regions (i.e. the northwest region in Figure 4 ) and residential areas. Additionally, the estimated 23 OD matrix still has significant errors for intra-zonal trips (the diagonal in Figure 5 ). Further 24 examination into the temporal aspects of the models as well as specific trip purposes should be 25 researched to further validate this proposed methodology. 26
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